Abstract The storage of anomalous heat and carbon in the Southern Ocean in response to increasing greenhouse gases greatly mitigates atmospheric warming and exerts a large impact on the marine ecosystem. However, the mechanisms driving the ocean storage patterns are uncertain. Here using recent hydrographic observations, we compare for the first time the spatial patterns of heat and carbon storage, which show substantial differences in the Southern Ocean, in contrast with the conventional view of simple passive subduction into the thermocline. Using an eddy-rich global climate model, we demonstrate that redistribution of the preindustrial temperature field is the dominant control on the heat storage pattern, whereas carbon storage largely results from passive transport of anthropogenic carbon uptake at the surface. Lastly, this study highlights the importance of realistic representation of wind and surface buoyancy flux in climate models to improve future projection of circulation change and thus heat and carbon storage.
Introduction
The Southern Ocean (SO), south of 30°S, is estimated to account for 75 ± 22% of the global oceanic uptake of excess heat and 30-40% of the global oceanic uptake of excess carbon from the atmosphere (Frölicher et al., 2015; Khatiwala et al., 2009 ). The subsequent storage of the excess heat (Q′) and carbon (C′) in the SO can further feedback on oceanic heat uptake and carbon buffering capacity (Egleston et al., 2010; Riebesell et al., 2009 ) and exert significant impact on large-scale marine ecosystems (Nagelkerken & Connell, 2015; Wohlers et al., 2009) . Here excess heat and carbon refer respectively to the net change in temperature and dissolved inorganic carbon (DIC) in the ocean, resulting from the additional surface flux and interior redistribution of the preindustrial temperature and DIC. An improved understanding of the spatial variability of Q′ and C′ storage in the SO and their underlying mechanisms is essential to provide the baseline for future assessments of oceanic heat and carbon sequestration, and to understand the feedbacks on global climate.
The two dominant mechanisms that have been proposed are passive and redistributive tracer transport convergence (e.g., Banks & Gregory, 2006; Winton et al., 2013) . Passive transport corresponds to the transport of anomalous (anthropogenic) heat and carbon taken up at the ocean surface and advected into the interior by the ocean circulation. Thus, Q′ and C′ storage driven by passive transport reflect the storage of anthropogenic heat (H ant ) and carbon (C ant ). Large-scale studies that have focused separately on either heat (Armour et al., 2016; Church et al., 1991; Jackett et al., 2000) or carbon (Iudicone et al., 2016; Khatiwala et al., 2013; Sabine et al., 2004) , have suggested that passive transport is the primary driver of Q′ and C′ storage in the SO. However, this perspective is questioned by several model-based studies that have proposed that the redistributive transport, which refers to a redistribution of the preindustrial tracer fields by the anomalous circulation, can have a comparable impact in shaping spatial patterns of Q′ (Frölicher et al., 2015; Winton et al., 2013) . The importance of circulation change for C′ storage is still an open question (DeVries et al., 2017; Winton et al., 2013) .
Fundamental to solving the question of whether the passive or redistributive transport dominates is to know the extent to which the net circulation has changed over time. The total transport is composed of the Eulerian mean (zonal and temporal mean) and eddy transport (including transient and stationary eddies; Marshall & Speer, 2012) . While the Eulerian mean transport can be estimated from the wind, the eddy transport is difficult to quantify from observations and is not explicitly resolved in most current Earth system models. Accurately determining the change in the eddy transport, and therefore the net circulation ©2019. American Geophysical Union. All Rights Reserved. change, is challenging, making it difficult to disentangle the influence of passive and redistributive transport in shaping the Q′ and C′ storage patterns in the SO.
RESEARCH LETTER
In this paper we aim to address the following questions: What are the storage patterns of Q′ and C′ in the SO interior? What are the relative contributions of the passive and redistributive transports in setting their storage patterns? To answer these questions, we use recent observational-based data sets to determine the storage patterns, and a state-of-the-art, eddy-rich global climate model to investigate the underlying processes that regulate the storage patterns.
Materials and Methods

Observational-Based Reconstructions
The ocean heat content (OHC) is calculated using objectively analyzed monthly mean potential temperature data from the Met Office Hadley Centre's EN4 version 2.0 (Good et al., 2013 ; https://www.metoffice.gov.uk/ hadobs/en4/). Due to sparse sampling and the resulting large OHC error in the early era, the Q′ storage is calculated as the OHC difference between the 10-year mean periods 2002-2011 and 1972-1981 . Because DIC measurement in the SO before 1990 is extremely limited, C′ storage cannot be accurately quantified. However, C ant storage, the passive component of C′, has been constructed using the Greens function method that is accurate to ±2% (Khatiwala et al., 2009 ). Here we use C ant storage provided by Khatiwala et al. (2009 Khatiwala et al. ( , 2013 and calculate the C ant accumulation using the 10-year periods of 1972-1981 to 2002-2011 .
Model
We use the eddy-resolving Geophysical Fluid Dynamics Laboratory (GFDL) CM2.6 global climate model (Delworth et al., 2012; Griffies et al., 2015) , coupled to the biogeochemical model miniBLING (Galbraith et al., 2015) , to analyze the mechanisms driving Q′ and C′ storage in the SO (Supporting Information Text S1). CM2.6 consists of a 0.1°resolution ocean model, a 50-km resolution atmospheric model, and sea ice and land models. The Q′ and C′ storage in CM2.6 is defined as the difference between a control simulation forced with preindustrial atmospheric CO 2 (CO 2 atm ) and a climate change simulation forced with CO 2 atm increasing at a rate of 1% per year run following 120 years of the preindustrial simulation. The diagnostics for the C′ budget are not saved before CO 2 atm reaches 524 ppm; therefore, we evaluate a 10-year average period just preceding CO 2 atm doubling (years 60-70 of the climate simulation), for which 5-day average model output was saved. We refer the reader to Griffies et al. (2015) , Dufour et al. (2015) , and Morrison et al. (2016) for an in-depth description of the SO state in CM2.6.
Results
Heat and Carbon Storage Patterns
The observationally reconstructed SO Q′ and C ant storage differ significantly in their latitudinal and vertical distributions (Figures 1a and 1b ). The Q′ storage shows strong spatial heterogeneity, with a significant fraction of Q′ stored between 38°and 50°S, penetrating from the surface down to 1,200-m depth. North of 38°S, a nonnegligible amount of Q′ is also stored in the top 300-m but minimal or even reduced Q′ storage is observed below 300-m ( Figure 1a ). The C ant storage peaks at the sea surface north of 38°S and decreases smoothly southward and downward ( Figure 1b ). To our knowledge, this work compares for the first time these two observed storage patterns. As C ant storage does not include changes in the preindustrial carbon cycle, the difference between the Q′ and C ant storage patterns suggests that redistributive transport is not negligible. The distribution of Q′ and C′ storage simulated by CM2.6 is very similar to the Q′ and C ant constructed from observations ( Figures 1c and 1d ), although the model's storage is about 3 times larger due to a longer accumulation time of the anthropogenic signal. Due to the pattern similarity between observed C ant and simulated C′, we infer that either the impact of redistributive transport on C′ storage is small or it reinforces the passive transport.
Physical Processes Driving Q′ and C′ Storage
We use CM2.6 to quantify the dominant processes responsible for setting the spatial patterns of Q′ and C′ storage. Q′ and C′ storage results from the respective time-integrated tendency difference between climate and preindustrial simulations calculated over a 70-year period. Beneath the surface layer, the Q′ and C′ storage tendencies are impacted by transport convergence (advection), parameterized submesoscale processes, and vertical mixing (Text S1). While the available model output only allows us to calculate the tendency terms over a 10-year period, the 10-year mean Q′ and C′ tendencies in the interior ocean ( Figures 2a and 2b ) have a similar pattern to the 70-year storage (Figures 1c and 1d ). In the model, below the winter maximum mixed-layer depth (MLD max ), transport convergence controls the storage patterns, and explains the difference between Q′ and C′ across the intermediate (38-50°S) and the northern (north of 38°S) regions (Figures 2c and 2d ). Submesoscale processes, vertical mixing, and biology are only significant within the mixed layer ( Figure S1 ). In this study, we only focus on the storage patterns and processes in the interior ocean below the MLD max .
Next, we examine the total tracer transport convergence (Figures 2c and 2d ) separated into its passive and redistributive components. In the climate simulation, a velocity v that advects a tracer χ, either heat or carbon, can be written as
where subscript 1860 refers to the variables in the preindustrial simulation. Δ indicates the difference between the climate and preindustrial simulations. The change in total tracer transport convergence in response to CO 2 increase can be decomposed into two components:
The right-hand side of equation (2) represents the change associated with the direct impact from circulation change (first term) and the change associated with the tracer anomaly (second term). Following Garuba and Klinger (2016) , we use redistributive transport to refer to χ 1860 Δv, and passive transport to refer to vΔχ. Equation (2) allows a qualitative analysis of the passive and redistributive components of the tracer storage. Unfortunately, this analysis is limited to being qualitative only, because we are unable to isolate the effect of the redistribution feeding back onto the surface uptake (Text S2). Specifically, a stronger imprint of the first term on the total transport convergence would suggest that the circulation change plays the dominant role in tracer storage. Alternatively, the dominance of passive transport would result in a closer approximation of the second term to the total transport convergence. The transport components are calculated using 5-day averaged output, and the sum of the redistributive and passive components is consistent with the total advection anomaly (calculated online).
We apply the decomposition from equation (2) to investigate the Q′ and C′ storage patterns (Figures 2e-2h ).
Where Q′ storage is maximum or minimum, we find significant positive correlation between the total transport convergence of Q′ and that of total redistributive transport (r = 0.54, p < 1e −24 ; Figure 2g ). In contrast, Q′ storage peaks are generally collocated with the divergence of total passive transport (Figure 2e ). Therefore, we conclude that redistributive transport controls the Q′ storage. For C′, the total passive transport shows strong convergence to the north of 38°S and is collocated with the C′ storage maxima below the MLD max (Figure 2f) , whereas total redistributive transport shows weak divergence (Figure 2h ). Therefore, passive transport plays a dominant role in C′ storage. The dominance of passive transport in C′ storage also explains why there is strong pattern similarity between C′ storage and the observationally reconstructed C ant storage. Further inspection also shows that the passive and redistributive terms are anticorrelated and of similar magnitude, resulting in a smaller magnitude of their sum. While we do not have a complete understanding of the cause of the large cancellation between the passive and redistributive terms, we note that it is dominated by the eddy component and hypothesize that it is related to shifting fronts and jets in the SO. Figure 3 ) and is composed within the peak Q′ storage region at 38-50°S (noted as H+ region) and the peak C′ storage region at 20-38°S (noted as C+ region). Within the C+ region, a minimum Q′ storage is found, and we use H-to refer to the region covered by blue contours in (c).
Because the total transport is the residual between the Eulerian mean and eddy transports, we next look into the degree of eddy compensation relative to the Eulerian mean (Text S3). The peak Q′ storage at 38-50°S, averaged between the MLD max and 1,200-m results from a strong convergence driven by the Eulerian mean transport (0.12 MW/m 2 ), partially offset by eddy divergence (−0.07 MW/m 2 ). Similarly, the peak C′ storage to the north of 38°S (0.9 mmol/m 2 /s) is primarily controlled by the Eulerian mean convergence (1.0 mmol/ m 2 /s). Thus, in the regions of peak Q′ and C′ storage, eddy compensation is incomplete. We also find that the passive and redistributive components of the Eulerian mean transport convergence play qualitatively similar roles as in the total transport convergence: Eulerian mean Q′ convergence at 38-50°S is mainly controlled by redistributive transport, and Eulerian mean C′ convergence to the north is mainly controlled by passive transport ( Figure S2 ).
Quantitative Contribution
Here we provide a quantitative estimate of the redistributive and passive components of the tracer convergence by performing a regression analysis with phosphate convergence. Phosphate is a tracer that is redistributed by the changing circulation in a similar way to heat and carbon but is not directly affected by airsea flux changes. We first demonstrate that there is a strong heat-carbon-phosphate transport coupling in the control simulation by examining the relationship between the transport tendency of phosphate (P) and the transport tendencies of heat or carbon (χ) according to
where [a 1 ,a 2 , a 3 ] are regression coefficients for heat or carbon transport convergence and^represents the predicted advection. The biological sink and source for phosphate, J P , is included to separate the biological driven variability of phosphate from the physically based circulation effect. We use a least squares fit to equation (3) and find that more than 80% of the spatial variance in heat and carbon transport convergence can be explained by phosphate convergence in the control run (Figures 3a and 3b) . These relationships are then applied to the transport tendency of phosphate in the climate simulation to estimate what the patterns of Q′ and C′ would be if they were only impacted by circulation change. The difference between the empirical predictions and the transport tendencies in the climate simulation can be considered as largely reflecting the impact from passive transport (Text S4).
Our empirical analysis supports our qualitative evaluation of the relative importance of passive and redistributive transport (Figure 3c ). At 38-50°S, we estimate that redistributive transport contributes 60 ± 4% of the Q′ storage ("±" is the 95% confidence interval for the regression coefficients) between the MLD max and 1,200-m (Figure 3c ). By contrast, only 21 ± 1% of the peak C′ storage to the north of 38°S (Figure 3c ) is attributed to the redistributive transport. For regions where Q′ (north of 38°S) and C′ storage (38-50°S) tendencies are low, opposing tendencies are found between passive and redistributive transports. Our quantification is subject to the uncertainty related to the influence of biological processes (see equation (3) and Text S4). We quantify this uncertainty by comparing to an extreme case using only the transport tendency of phosphate in equation (3). We find that excluding J P in equation (3) increases the contribution of redistributive transport to Q′ storage by 3% in the intermediate region and to C′ storage by 7% in the northern region. Therefore, the uncertainty related to the biological influence on phosphate is small.
Discussion
Drivers of Circulation Change
Since the storage pattern difference between Q′ and C′ arises from circulation change, we further explore the forcing that drives the changes in the SO residual meridional overturning circulation (Ψ res ). The SO Ψ res is dominated by deep water rising towards the surface within the Antarctic Circumpolar Current (ACC), which splits into upper and lower overturning circulation cells by flowing either northward or southward near the surface (Marshall & Speer, 2012) . The surface meridional transport crosses isopycnals in the surface diabatic layer, balanced with the surface buoyancy flux B (Marshall & Radko, 2003) .
We calculate Ψ res in isopycnal coordinates and map to depth coordinates by using the mean depth of isopycnal surfaces ( Figure S4 ). In the climate simulation, enhanced surface buoyancy gain occurs due to a warmer atmosphere driving a larger amount of heat flux into the ocean (Figure 4) . Between 45°and 55°S, a positive buoyancy gain anomaly (ΔB > 0) on outcropping isopycnals lightens the dense upwelled water compared with the control simulation, and an increased northward volume transport (ΔΨ res > 0) in the upper ocean is required to satisfy the buoyancy budget. Further north, anomalous buoyancy gain occurs at 35-40°S over the southward subduction limb of the shallow subtropical cell, and a large decrease in the southward transport at the surface is also required (ΔΨ res > 0). Between these two regions of large anomalous buoyancy gain, there is a unique region around 40-45°S with buoyancy loss (ΔB < 0). The lack of anomalous heat flux into the ocean between 40°and 45°S cannot be explained by the atmospheric warming pattern, which is nearly uniform across these latitudes. Rather, this region coincides with the depth-integrated Q′ storage maxima, which reduces the air-sea temperature difference and provides a negative feedback on the heat flux, as suggested in previous model studies (Armour et al., 2016; Garuba & Klinger, 2016 , 2018 . The northward transport between 40°and 45°S weakens in the climate simulation (ΔΨ res > 0), consistent with the negative buoyancy flux anomaly. The changes in the upper ocean meridional transport described above drive regions of surface convergence (42-50°S) and divergence (35-42°S), as shown in Figure 4 . As a result, a downward and an upward transport anomaly occurs in the intermediate and the northern regions, respectively.
The change in surface buoyancy flux also results in a greater sensitivity of Ψ res to wind stress changes near the ACC (Abernathey et al., 2011; Morrison et al., 2011; Figures 4 and S5) . To the south of 45°S, the northward transport of Ψ res at the surface increases as a result of increasing zonal wind stress, in conjunction with incomplete eddy compensation (Morrison & Hogg, 2013) . Between 40°and 45°S, the reduced northward Figure 3 . Quantitative analysis of the Q′ and C′ storage driven by passive and redistributive advection in the three regions defined in Figure 2c (also Figure S3 ). CM2.6 advection of (a) heat and (b) carbon in the preindustrial simulation versus the empirically predicted advection computed from regression fittings (equation (3)). (c) Area-averaged passive (filled bars) and redistributive (hatched bars) advection for Q′ (black, left y axis) and C′ storage (gray; right y axis) predicted from the empirical relationships for the three regions. Error bars represent the 95% confidence interval for the regression coefficients. Predictions using the transport convergence of phosphate as the only regressor are compared and shown as blue (passive storage) and red (redistributive storage) stars.
transport also coincides with the reduction of the wind stress to the north of 45°S ( Figure S6 ). Further north of 40°S, the decreased southward transport by the subtropical cell is controlled by the change in the eddy circulation at the surface (Ψ ′ ), as the change in the wind-driven mean circulation opposes the change in the residual circulation. The large decrease in the magnitude of Ψ ′ is consistent with the significant flattening of the isopycnal slopes in the upper 300 m north of 40°S in the climate simulation.
Relative Importance of Redistributive Transport
Since temperature and carbon have opposite spatial gradients, the net circulation anomaly can result in a large storage contrast between Q′ and C′. However, difference in storage patterns also depends on the magnitude of the redistributive transport relative to the passive transport (Winton et al., 2013) . From 1972 From -1981 From to 2002 From -2011 , the SO has warmed by 0.2-0.3°C to the north of ACC (from observation-based reconstructions). Such warming intensity, however, is much smaller than the preindustrial vertical temperature difference, which is on the order of 10°C difference from the surface to the deep ocean (e.g., 1 km). Therefore, a spatial redistribution of the existing temperature field could easily overwhelm the impact of passive transport of anthropogenic heat. In contrast, surface C ant concentration in the SO has increased by 20-30 μmol/kg from 1972-1981 to 2002-2011, still smaller than but more comparable with the vertical difference in preindustrial carbon (on the order of 200 μmol/kg difference from the surface to the deep ocean). The model simulated changes are scaled consistently with the observations, although the model shows larger magnitude changes (surface temperature and carbon increase respectively on the order of 1°C and 100 μmol/kg over the 70-year climate run). Therefore, both model and observations suggest that passive transport exerts a larger impact on C′ storage than on Q′ storage, and C ant storage is a close approximation of C′ storage. Under continued CO 2 forcing in the future, passive transport could dominate the storage pattern for both Q′ and C′.
Conclusion
Our study based on recent observations and a high-resolution climate model highlights two main results: Q′ and C′ storages differ significantly in their spatial patterns in the SO; and the circulation change is an essential component in driving their spatial dissimilarity. These findings have two important implications. First, knowing the patterns of Q′ and C′ is crucial for accurately modeling seawater chemistry. Changes in oceanic seawater chemistry, including ongoing ocean acidification (Doney et al., 2009) , critically depend on spatial patterns of Q′ and C′ storage, which largely regulate the CO 2 buffering capacity, and can alter marine ecosystems (Doney et al., 2012; Poloczanska et al., 2013) . Our advanced understanding here can thus improve the projection of future carbon uptake and marine ecosystem functioning (Falkowski et al., 1998) . Second, the predominance of passive transport on C′ storage further suggests that relatively coarser-resolution models would be able to reproduce the C′ storage, with an acceptable representation of the mean state of the ocean circulation. Low-resolution models do generate a pattern contrast between Q′ and C′ storage (Frölicher et al., 2015) . However, to correctly simulate the Q′ storage, an accurate representation of the mean and eddy circulation is needed. Oceanic circulation changes remain one of the most challenging components to accurately simulate. Since changes in ocean circulation are mainly responsible for the large variability between models in ocean Q′ uptake and storage (Frölicher et al., 2015; Kostov et al., 2014) , improved understanding of the fundamental drivers of future oceanic circulation is critically needed. 
